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Abstract 26
The present study investigated to what extent measured dissolved metal concentrations, 27 WHAM-predicted free metal ion activity and modulating water chemistry factors can predict 28 Ni, Cu, Zn, Cd and Pb accumulation in various aquatic insects under natural field conditions. 29
Total dissolved concentrations and accumulated metal levels in four taxa (Leuctra sp., 30
Simuliidae, Rhithrogena sp. and Perlodidae) were determined and free metal ion activities 31 were calculated in 36 headwater streams located in the north-west part of England. Observed 32 invertebrate body burdens were strongly related to free metal ion activities and competition 33 among cations for uptake in the biota. Taking into account competitive effects generally 34 provided better fits than considering uptake as a function of total dissolved metal levels or the 35 free ion alone. Due to the critical importance and large range in pH (4.09 to 8.33), the H + ion 36 activity was the most dominant factor influencing metal accumulation. Adding the influence 37 of Na + on Cu 2+ accumulation improved the model goodness of fit for both Rhithrogena sp. 38
and Perlodidae. Effects of hardness ions on metal accumulation were limited, indicating the 39 minor influence of Ca 2+ and Mg 2+ on metal accumulation in soft-water streams (0.01 to 0.94 40 mM Ca; 0.02 to 0.39 mM Mg). DOC levels (ranging from 0.6 to 8.9 mg L -1 ) significantly 41 affected Cu body burdens, however not the accumulation of the other metals. 42
Our results suggest that 1) uptake and accumulation of free metal ions is most dominantly 43 influenced by competition of free H + ions in low-hardness headwaters and 2) invertebrate 44 body burdens in natural waters can be predicted based on the free metal ion activity using 45
Introduction 50 51
Metal bioavailability and toxicity from water-borne exposure generally depends on the 52 activity of the free metal ion, which is controlled by chemical speciation processes ( with trace metals for uptake at particular biological uptake sites (e.g. ion-channels and other 56 transporters in the gills of aquatic organisms) (Hare and Tessier, 1996, 1998; Bervoets and 57 Blust, 2000) . The latter concepts are integrated in the Free Ion Activity Model (FIAM), which 58
states that the activity of the free metal ion is a good predictor of both metal availability and 59 toxicity to aquatic organisms (Campbell, 1995) , and has been used as the main rationale for 60 the construction of the Biotic Ligand Model (BLM) in order to predict water-borne metal 61 toxicity (Paquin et al., 2002; Niyogi and Wood, 2004) . 62
Over the last decades efforts have been made to determine and predict trace metal speciation 63 in natural waters. This has led to the construction of chemical speciation models such as the 64
Windermere Humic Aqueous Model (WHAM), which enables calculation of the free metal 65 ion concentration and activity in solution, based on water chemistry measurements and 66 equilibrium binding interactions (e.g. pH, temperature, Ca 2+ , Mg 2+ , DOC) (Tipping, 1994, 67 1998; Tipping et al., 1998) . Although WHAM is currently incorporated in the BLM ( Where F and y 0 of equation (5) and (6) are slope and intercept of the linear regressions from 184 equations (2) and (3) respectively. 185
Prior to statistical analysis, all data were log transformed in order to meet conditions of 186 normality and homogeneity of variances. Pearson correlations were used to determine 187 relations between total dissolved metal concentrations and WHAM-predicted free metal ion 188 activities. Overall, the significance level is represented as *: p < 0.05; **: p < 0.01; ***: p < 189 0.001. All statistical analyses were performed using the software package SigmaPlot version 190 11.0 (Systat Software Inc., San Jose, California, USA present in a variety of enzymes in aquatic insects) and therefore Cu body burdens can be 264 homeostatically regulated within a certain environmental range (Rainbow, 2002) . Following 265 our results, Cu seems to be regulated at body burdens ranging from 0.17 (Rhithrogena sp.) to 266
1.76 µmol g -1 dw (Leuctra sp.), until regulation breaks down and body burdens increase with 267 environmental levels (figure 2). 268
Significant relations were observed between total dissolved [Cu] resulted in significant (all p<0.05) regression models for all taxa (results not shown), however 296 these models were weaker compared to the ones using pH and Na + normalizations. 297
Only for Cu a significant negative correlation between DOC and insect body burdens for all 298 taxa was observed (figure 3A). Since WHAM-predicted {Cu 2+ } were also significantly 299 negative correlated to DOC levels (figure 3B), we can assume that DOC decreased Cu uptake 300 Nevertheless, increasing DOC levels may also result in increasing levels of particulate 304 organic matter (POM) by coating of particles, which have a high affinity for trace metals. The 305 study of Guo et al. (2001) showed an enhanced metal uptake in filter-feeding bivalves at 306 higher DOC levels (5 and 10 ppm). Also in the present study the relation between DOC and 307
Cu body burdens was attenuated at DOC levels around 2.5 ppm, suggesting possible metal 308 uptake via POM ingestion at elevated DOC levels. 309 (Rainbow, 2002) . In the present study evidence of homeostatic Zn 318 regulation was observed with constant body burdens ranging from 1.97 (Simuliidae) to 6.13 319 µmol g -1 dw (Rhithrogena sp.) (figure 4). 320
Highly significant (all p<0.001) relations were observed between total dissolved levels and Zn 321 body burdens in all invertebrate taxa (r² = 0.572 for Leuctra sp.; r² = 0.705 for Simuliidae; r² 322 = 0.862 for Rhithrogena sp.; r² = 0.601 for Perlodidae) (figure 4). Using WHAM-predicted 323 {Zn 2+ } did not improve the models based on dissolved [Zn], however models remained highly 324 significant (all p<0.001) for all taxa. The strong influence of total dissolved [Zn] on 325 invertebrate body burdens can be explained by the fact that in the sampled river waters of the 326 present study, 53.4% (ranging from 11.6 to 92.0%) of the total dissolved Zn occurred as free 327 metal ions, while only 13.8% was bound to DOC. Moreover, Zn speciation in natural waters 328 is generally less subject to variation, compared to free ion activities of Cu and Pb, which can 329 vary largely with both pH and DOC (Tipping et magna under laboratory conditions using much higher Ca levels (up to 2.5 mM Ca) compared 404 to the ones measured in the present study (0.11 to 0.97 mM Ca). Therefore, the low influence 405 of Ca 2+ on Cd uptake sites might be also due to the low Ca levels in the natural waters of the 406 present study. In addition, differences in Ca-needs between Crustaceans (e.g. D. magna) and 407 aquatic insects might explain the large difference in Ca influence on Cd accumulation (and 408 other metal body burdens), which is observed between the present study using aquatic insects 409 and studies using the test species D. magna. 410
Adding the effect of {Zn 2+ } on Cd uptake sites did not result in significant regression models 411 for any of the studied taxa. Similarly, increasing Zn levels (from 0.1 to 1.25 µM Zn) did not 412 influence Cd uptake rates in D. magna after 96 h in the study of Komjarova and Blust (2008) . } following equation (3) (D). The amount of variation explained is given by the coefficient of determination (adjusted r²). The significance level is presented as *p < 0.05; **p < 0.01; ***p < 0.001. [Cd] 
